The citrate transporter CitP of lactic acid bacteria catalyzes electrogenic precursor-product exchange of citrate versus L-lactate during citrate-glucose cometabolism. In the absence of sugar, L-lactate is replaced by the metabolic intermediates/end products pyruvate, ␣-acetolactate, and acetate. In this study, the binding and translocation properties of CitP were analyzed systematically for a wide variety of mono-and dicarboxylates of the form X-CR 2 -COO ؊ , where X represents OH (2-hydroxy acid), O (2keto acid), or H (acid) and R groups differ in size, hydrophobicity, and composition. It follows that CitP is a very promiscuous carboxylate transporter. A carboxylate group is both essential and sufficient for recognition by the transporter. A C-2 atom is not essential, formate is a substrate, and C-2 may be part of a ring structure, as in benzoate. The R group may be as bulky as an indole ring structure. For all monocarboxylates of the form X-CHR-COO ؊ , the hydroxy (X ‫؍‬ OH) analogs were the preferred substrates. The preference for keto (X ‫؍‬ O) or acid (X ‫؍‬ H) analogs was dependent on the bulkiness of the R group, such that the acid was preferred for small R groups and the 2-ketoacid was preferred for more bulky R groups. The C 4 to C 6 dicarboxylates succinate, glutarate, and adipate were also substrates of CitP. The broad substrate specificity is discussed in the context of a model of the binding site of CitP. Many of the substrates of CitP are intermediates or products of amino acid metabolism, suggesting that CitP may have a broader physiological function than its role in citrate fermentation alone.
T he citrate transporter CitP functions in citrate fermentation by lactic acid bacteria (LAB) such as Lactococcus lactis and Leuconostoc mesenteroides (16, 18) . Internalized citrate is split into acetate and oxaloacetate, after which the latter is decarboxylated, yielding pyruvate. During cometabolism with glucose, pyruvate is reduced to L-lactate (9, 12, 14) . CitP catalyzes uptake of divalent citrate (Hcit 2Ϫ ) in exchange with monovalent L-lactate (lac Ϫ ) (precursor-product exchange), which results in generation of a membrane potential (⌬) (13, 14, 15) . Together with proton consumption in decarboxylation reactions in the citrate metabolic pathway, which results in a transmembrane pH gradient (⌬pH), the pathway generates proton motive force (PMF) (10, 11, 16) . Recognition by CitP of two structurally related but different substrates, i.e., the tricarboxylate citrate and the monocarboxylate L-lactate, suggests an inherent broad substrate specificity of the transporter.
In vitro citrate transport studies using right-side-out (RSO) membrane vesicles derived from L. lactis demonstrated that CitP has affinity for 2-hydroxycarboxylates of the form HO-CR 2 -COO Ϫ , where the R group ranges from a hydrogen atom in glycolate to a phenyl group in mandalate and acetyl groups in malate and citrate (2) . The transporter was shown to discriminate between high-affinity substrates that contain a second carboxylate group in one of the R substituents, such as citrate and malate, and low-affinity substrates, i.e., monocarboxylates such as lactate, suggesting an important role of the second carboxylate group in the interaction with the protein. Based on these experiments, a model of the binding site of CitP was proposed ( Fig. 1 ) in which the carboxylate and hydroxyl groups of the 2-hydroxycarboxylate motif present in all substrates interact with specific sites on the protein (2, 3) . This fixes the orientation of the substrate in the binding pocket and defines two separate sites in the binding pocket (R S and R R ) ( Fig. 1 ) for optional interactions with the R groups of the substrates, including the interaction with a second carboxylate in the R S site that results in high-affinity binding. In agreement with this model, the (S)-enantiomers of chiral dicarboxylate substrates such as malate were bound with high affinity, and the (R)-enantiomers were bound with low affinity, whereas both enantiomers of monocarboxylates such as lactate were lowaffinity substrates (3) . Site-directed mutagenesis of CitP of L. mesenteroides identified the conserved Arg425 residue as the site specifically interacting with the second carboxylate present in (S)-divalent substrates (4) . Additionally, it was observed that increasing binding affinity of monocarboxylates with increasing hydrophobicity of the R groups suggested a hydrophobic nature of the R R and R S sites. Evidence was put forward that at least part of these sites is located in the C-terminal 46 residues (3) .
While the carboxylate group of the 2-hydroxycarboxylate motif was essential for the interaction of CitP with a substrate, transport studies with RSO membranes showed that the hydroxyl group could be replaced to some extent by keto groups, i.e., in oxaloacetate and pyruvate (2) . Experiments with whole cells of L. lactis expressing the citrate fermentative pathway confirmed the affinity of CitP for these two metabolic intermediates of the pathway and also demonstrated its physiological relevance. In the absence of L-lactate, CitP catalyzes uptake of citrate in exchange with oxaloacetate and/or pyruvate when these accumulate in the cytoplasm. In addition to these two intermediates, citrate could also be taken up in exchange with acetate, an end product of the pathway, showing that CitP can bind and translocate substrates in which the hydroxyl group at the C-2 atom is replaced by a keto group or a hydrogen atom (18, 19) .
In this report, a systematic study of the substrate specificity of the citrate transporter CitP of lactic acid bacteria is presented. A wide range of analogous substrates with different substitutions at the C-2 atom and with various R groups, including both monocarboxylates and dicarboxylates, were included. It follows that CitP is a remarkably promiscuous transport protein. Many of the substrates of CitP are secondary metabolites derived from amino acid metabolism and important as flavor compounds or precursors thereof in food fermentations. Bacterial strain and growth conditions. Lactococcus lactis strain IL1403(pFL3) was used in this study. Plasmid pFL3 harbors the lactococcal CRL264 citP gene under the control of the Streptococcus pneumoniae polA promoter (12) . Neither expression nor plasmid copy number is under the control of citrate or pH in this strain (8) . Precultures were grown overnight at 30°C in M17 broth medium supplemented with 0.5% (wt/ vol) glucose (M17G) and 5 g ml Ϫ1 of tetracycline. Cells were grown in M17G medium with the initial pH adjusted to 7.0. Growth was performed in 100-ml serum bottles without agitation and at 30°C. Growth was followed by measuring the optical density at a wavelength of 660 nm (OD 660 ). Cells were harvested at mid-exponential growth phase, when the optical density was 0.6, by spinning for 10 min at 3,000 rpm. Cells were washed two times with 50 mM potassium phosphate buffer, pH 5.8, and then suspended in the same buffer at 4°C.
MATERIALS AND METHODS

Chemicals
Citrate consumption by resting cells of L. lactis IL1403(pFL3). Resting cells at an OD 660 of 1.5 in 50 mM potassium phosphate buffer, pH 5.8, were incubated at 30°C without agitation for 10 min. The assay was performed in a total volume of 1.5 ml. At time zero, citrate was added at a concentration of 2 mM. When indicated, additional substrates were added from 10-fold stock solutions set at pH 5.8, together with citrate. The pH of the suspension was monitored after the experiment and never changed by more than 0.1 unit. Samples of 100 l were taken every 5 or 10 min and immediately centrifuged for 0.5 min at maximum speed in a tabletop centrifuge. The supernatant was stored on ice until further analysis by enzymatic assays. Initial rates of citrate consumption were calculated from the decrease in citrate concentration within the first 10 min, assuming zero-order kinetics.
Enzymatic assays. Citrate, oxaloacetate, and pyruvate were measured as described before (18) , using the commercially available enzymes CL, L-MDH, and L-LDH. Briefly, an aliquot of 30 l of sample was added to 50 mM glycine-glycine buffer, pH 7.8, containing NADH and L-MDH. Under these conditions, oxaloacetate in the sample is converted to L-malate at the expense of NADH. Subsequently, pyruvate in the same sample was measured by addition of L-LDH, which results in the conversion of pyru- vate to L-lactate at the expense of NADH. Subsequent addition of CL converts citrate in the sample to oxaloacetate (and pyruvate), resulting in an additional decrease in the NADH concentration equivalent to the citrate concentration present in the samples. The assay was performed in 96-well microtiter plates. The decrease in NADH concentration was measured spectroscopically at 340 nm. Standard deviations were calculated for data from three independent experiments.
Measurements of changes in internal pH (⌬pH) and membrane potential (⌬⌿). The components of the proton motive force were measured as described before (18) . To measure ⌬pH, resting cells resuspended to a high density (typically containing 50 mg/ml of protein) in 50 mM potassium phosphate buffer, pH 5.8, were loaded with BCECF. Fluorescence measurements were performed in 1-cm cuvettes containing 50 mM potassium phosphate buffer, pH 5.8, equilibrated at 30°C, and cells loaded with BCECF. The cuvette was stirred with a magnetic stirring bar. Fluorescence was measured using excitation and emission wavelengths of 502 and 525 nm, respectively, with slit widths of 4 and 16 nm, respectively. The fluorescence signal was sampled every second. Opening of the measurement compartment caused a loss of data during the first 5 to 6 s after an addition to the cuvette was made. The cytoplasmic pH was calculated as described previously (17) .
Membrane potential was measured qualitatively with the fluorescent probe DiSC 3 (22) . A decrease in fluorescence intensity correlates with an increase in electrical potential across the membrane. DiSC 3 was added from a stock solution to a final concentration of 2 M to quartz cuvettes containing 50 mM potassium phosphate buffer, pH 5.8, and cells. The system was left to equilibrate for 5 min at 30°C. Fluorescence measurements were performed using excitation and emission wavelengths of 500 and 705 nm, respectively, and a slit width of 8 nm.
RESULTS
Substrate specificity assay of CitP. L. lactis strain IL1403(pFL3) harbors plasmid pFL3, which contains the citrate transporter gene citP under the control of the constitutive Streptococcus pneumoniae polA promoter (12) . The genes encoding the metabolic enzymes of the citrate fermentation pathway are present on the chromosome of the IL1403 host strain (5) . Cells of L. lactis IL1403(pFL3) grown in M17 broth medium supplemented with 0.5% glucose until mid-exponential growth phase (OD 660 ϭ 0.6) were resuspended in potassium phosphate buffer, pH 5.8, to an OD 660 of 1.5. Following addition of 2 mM citrate, the consumption of citrate was shown to be biphasic ( Fig. 2A) (18) . The first phase represents slow uptake of citrate coupled to H ϩ (H ϩ -Hcit 2Ϫ symport) ( Fig. 2B ). The second phase represents fast uptake of citrate in exchange with intermediates/end products of citrate metabolism in the cytoplasm, i.e., pyruvate, ␣-acetolactate, and acetate, which accumulate in the cell during the first phase. Both modes of transport are catalyzed by the citrate transporter CitP (18) . In the presence of 0.2 mM L-lactate, a physiological substrate of CitP, the first, slow phase is skipped and citrate is taken up in fast exchange with internal L-lactate from the beginning ( Fig. 2A ). The mechanism of uptake was described before as a shuttle mechanism (14, 18) (Fig. 2C ). The acceleration of citrate consumption by the addition of a compound can be used to identify substrates of CitP when the following two conditions are met: (i) recognition of the substrate by CitP in the cytoplasm and (ii) high permeation of the substrate through the membrane. The latter requirement was demonstrated when L-lactate was replaced by oxaloacetate, another substrate of CitP (19) . No acceleration of consumption was observed because oxaloacetate cannot enter the cell ( Fig. 2A and B ). In addition, oxaloacetic acid does not compete with citrate outside the cell because CitP has a much higher affinity for the latter (19) . Monocarboxylates are weak acids that are permeative in the protonated state, which makes them good candidates for the substrate specificity assay. Dicarboxylates may not be able to permeate the membrane at physiological pH, and substrates of CitP are detected only when an appropriate transporter is present in the membrane to support a rate of uptake that can maintain the exchange reaction catalyzed by CitP. Apparently, the membrane of L. lactis does not contain such a transporter for oxaloacetate.
C-2-substituted monocarboxylates. A set of 24 C-2-substituted monocarboxylates of the form X-CHR-COO Ϫ were selected, containing 8 different R groups and, for each of these, an X group of either OH (hydroxy), O (keto), or H (acid). The 8 R groups corresponded to the side chains of the 7 natural amino acids (X ϭ NH 3 ϩ ), i.e., glycine, alanine, valine, leucine, methionine, phenylalanine, and tryptophan, and the unnatural amino acid phenylglycine. The side chains differed in composition, size, and hydrophobicity (see Table S1 in the supplemental material). The selection resulted in 8 groups of C-2-substituted analogs, e.g., glycolate, glyoxylate, and acetate, derived from glycine, and phenyllactate, phenylpyruvate, and phenylpropionate, derived from phenylalanine. All compounds were added at a concentration of 2 mM in the substrate specificity assay for CitP ( Fig. 3 ). All 8 hydroxy analogs increased the rate of citrate consumption significantly, and in all cases, it was more than that observed with the keto and acid analogs ( Fig. 3) . Surprisingly, exchange of citrate and the OH analogs of valine (␣-hydroxyisovalerate), leucine (␣hydroxyisocaproate), and phenylalanine (phenyllactate) was as fast as that observed for the physiological substrate L-lactate, the OH analog of alanine ( Fig. 3C , D, G, and B, respectively). These substrates supported the depletion of 2 mM citrate in 20 to 30 min. The OH analogs of glycine (glycolate), methionine (2-hydroxy-4methylthiobutyrate), and phenylglycine (phenylglycolate) resulted in a two times slower consumption, with depletion within 50 to 60 min ( Fig. 3A , E, and F, respectively), and the kinetics was biphasic. The OH analog of tryptophan clearly showed the smallest effect, but the stimulation was significant, indicating that indole-3-lactate is also a substrate of CitP ( Fig. 3H ). Seven of eight keto analogs and six of eight acid analogs were positively identified as substrates of CitP in the assay. Both the O analog and the H analog of tryptophan (indole-3-pyruvate and indole-3-propionate, respectively) and the H analog of methionine (4-methylthiobutyrate) did not affect the citrate consumption pattern ( Fig.  3H and E, respectively). The H analog resulted in faster consumption of citrate than the O analog for the glycine analogs acetate and glyoxylate (Fig. 3A ), while the rates were the same for the alanine (pyruvate and propionate) and valine (␣-ketoisovalerate and isovalerate) analogs ( Fig. 3B and C). However, in most cases, exchange with the O analogs was faster than that with the H analogs ( Fig. 3D, E, F, G, and H) .
Relative activities with OH, O, and H analogs. The differences between the hydroxy (OH), keto (O), and acid (H) analogs were further detailed by measuring the consumption rates of citrate in the presence of a range of concentrations (0 to 20 mM) of the three leucine analogs, i.e., ␣-hydroxyisocaproic acid, ␣-ketoisocaproic acid, and isocaproic acid. At a concentration of 2 mM, the differences were relatively small (Fig. 3D ). The initial rates of citrate consumption at increasing external concentrations showed the same pattern for the three analogs (Fig. 4) . The rates increased to reach a maximum value, followed by a decrease of the rates at higher concentrations. The initial rise shows the consequence of the increased rate of uptake of citrate in exchange with the analog, the maximum represents the maximal rate of the shuttle, consisting of the diffusion of the analog through the membrane and the citrate-analog exchange steps, and the inhibition relates to competition of citrate and the analog at the outer face of the membrane. The rates of the initial rise were in the order H Ͻ O Ͻ OH, suggesting that the highest affinity of the cytoplasmic binding site of CitP was for the OH analog, followed by the O analog and the H analog. Similarly, the maximal consumption rates were 0.051, 0.073, and 0.092 mM min Ϫ1 for the H, O, and OH analogs, respectively, suggesting the same order (H Ͻ O Ͻ OH) of the maximal exchange rates catalyzed by CitP. Also, the inhibition at higher concentrations increased in the order H Ͻ O Ͻ OH, suggesting an increasing affinity for the analogs of the external binding site of CitP, in the same order. It follows that for the leucine analogs, ␣-hydroxyisocaproate was the best substrate of CitP with respect to both turnover in the citrate-analog exchange mode and the affinity of the transporter at the two sides of the membrane. Next Table S1 in the supplemental material).
best was the keto analog, ␣-ketoisocaproate, followed by the acid analog, isocaproate.
Flux through the citrate metabolic pathway generates proton motive force via both a pH gradient (⌬pH) and the membrane potential (⌬⌿) (14, 18) . The transmembrane pH gradient, evaluated via the internal pH inferred by use of the fluorescent dye BCECF (17) , and the membrane potential, measured qualitatively by use of the potentiometric probe DiSC 3 (22) , were measured in the presence of the three leucine analogs in potassium phosphate buffer, pH 5.8. Previously, it was shown that the pH and membrane potential probes had an inhibitory effect on flux through the citrate pathway in L. lactis IL1403(pFL3), which could be compensated for in part by increasing the concentration of the exchanged substrate (18) . Addition of 2 mM citrate in the presence of 8 mM ␣-hydroxyisocaproic acid, the best leucine analog, resulted in the same ⌬pH (0.9 to 0.95 unit) as that observed in the presence of a 2 mM concentration of the physiological substrate L-lactate ( Fig. 5A) (18) . Similarly, using the same conditions, a ⌬⌿ value of comparable magnitude was generated ( Fig. 5B) (18) . In the presence of both 2-hydroxy-monocarboxylates, the pH gradient and membrane potential developed during the first 5 min of citrate consumption (Fig. 5 ), which proceeded thereafter at more or less the same rate ( Fig. 4 and 6C) . The O and H analogs of leucine, i.e., ␣-ketoisocaproic acid and isocaproic acid, resulted in similar pH gradients, of 0.85 to 0.9 unit, but the steady state was reached later, correlating with the lower consumption rates in the presence of these two analogs ( Fig. 4 and 5A) . In contrast, the extent of the membrane potential seemed to decrease in the order OH Ͼ O Ͼ H (Fig. 5B ). It follows that the energetics of citrate consumption was the same in the presence of the three leucine analogs and the physiological substrate L-lactate. The PMF increased in the order H Ͻ O Ͻ OH. Moreover, it seems that the extent of the membrane potential is more sensitive than the pH gradient to the flux through the pathway.
Activity with the monocarboxylates formic acid and benzoic acid. Formate does not have a C-2 atom, and the C-2 atom of benzoate is part of the aromatic phenyl ring. The cell membrane is very permeable to the protonated forms of both, which have pK values of 3.8 and 4.2, respectively. Titration of the citrate consumption rate with increasing concentrations of formate in the range of 0 to 20 mM revealed only a small maximal acceleration of the initial rate (to 0.014 mM min Ϫ1 ), obtained at relatively low concentrations (Ͻ1 mM) ( Fig. 6A ). For comparison, at a 0.2 mM concentration of the physiological substrate L-lactate, the rate was 10 times higher (0.12 mM min Ϫ1 ) (Fig. 6C ). This demonstrates that while CitP has affinity in the submillimolar range for cytoplasmic formate, the translocation rate of citrate-formate exchange is relatively low. Benzoic acid proved to be a much better substrate of CitP (Fig. 6B ). With increasing concentrations of benzoic acid added, the rate of citrate consumption increased to up to 0.11 mM min Ϫ1 , very close to the maximal rate of 0.12 mM min Ϫ1 observed with L-lactate. However, the maximum rate of uptake in the presence of benzoate was observed at a 1,000-fold higher concentration than was the case for L-lactate, i.e., at 20 mM versus 0.02 mM ( Fig. 6B and C) (also see reference 18). It follows that while the rate of citrate-benzoate exchange is high, the affinities of CitP for the benzoate anion are low on both sides of the membrane. The different affinities affect the product profile of the citrate pathway in cells. The high affinity of CitP for L-lactate ensures that the transporter remains in the citrate-L-lactate exchange mode during complete consumption. The intermediate pyruvate is not excreted (Fig. 6C) . In contrast, CitP has a higher affinity for pyruvate than for benzoate, and the transporter switches rapidly from citrate-benzoate exchange in the initial stages to citrate-pyruvate exchange once enough cytoplasmic pyruvate is produced. Pyruvate shows up as a major product under these conditions (Fig. 6B) .
Transport of dicarboxylates by CitP. The C 4 -dicarboxylates L-malate, oxaloacetate, and succinate represent a series of analogs of the hydroxy (OH), keto (O), and acid (H) forms (see Table S2 in the supplemental material), respectively, as introduced above for the monocarboxylates. Significant effects on citrate consumption by cells were observed only at higher concentrations of these com- pounds. The presence of 2 mM citrate and 32 mM L-malate or oxaloacetate resulted in a slight inhibition of the consumption rate due to inhibition of citrate uptake by the analogs outside the membrane, i.e., due to competition between citrate and L-malate and between citrate and oxaloacetate ( Fig. 7A ; also see Fig. 2B) . Surprisingly, the H analog succinate enhanced the consumption of citrate significantly (Fig. 7A) , identifying succinate as a substrate of CitP. The high concentration necessary to see the acceleration may reflect a low affinity of CitP for internal succinate but is more likely related to the low ability of succinate to permeate the membrane, resulting in a low cytoplasmic concentration (Fig. 2C ). Transport of succinate into the cell probably relies on a transporter protein in the membrane. The double bond between C-2 and C-3 in the geometric isomers maleic acid (cis) and fumaric acid (trans) fixes the relative positions of the two carboxylate groups of succinate in space. In the presence of a 32 mM concentration of the cis isomer maleate, the consumption rate was higher than that in the presence of the same concentration of succinate and approached the rate observed with a 2 mM concentration of the physiological substrate L-lactate. In marked contrast, a 32 mM concentration of the trans isomer fumarate did inhibit citrate consumption (Fig. 7B) . The length of the carbon chain in dicarboxylates appears to play an important role in the ability of the substrate to enhance citrate metabolism (see Table S2 ). Oxalic acid (C 2 ) and malonic acid (C 3 ) inhibited the rate of citrate consumption to some extent, while succinate (C 4 ), glutaric acid (C 5 ), and especially adipic acid (C 6 ) increased the rate (Fig. 7C ). It follows that the dicarboxylates used here affect the rate of citrate consumption by either inhibition (malate, oxaloacetate, fumarate, oxalate, and malonate) or acceleration (succinate, maleate, glutarate, and adipate) and therefore are recognized by CitP. (24) . Substrates of these transporters share the 2-hydroxycarboxylate motif, i.e., HO-CR 2 -COO Ϫ , hence the name of the family (2) . The functionally characterized symporters in the family have a narrow substrate specificity, while the exchangers have a much broader specificity which is inherent to their physiological function of exchanging a precursor and product of a metabolic pathway. Previous and present studies have demonstrated that substrates of CitP are not restricted to 2-hydroxycarboxylates, even though these appear to be the best substrates. CitP is best characterized as a very promiscuous carboxylate transporter. A C-2 atom is not essential (formate) or may be part of a delocalized ring structure (benzoate). Most substrates of CitP take the form X-CR 2 -COO Ϫ , in which X is either OH, O, or H but not NH 3 ϩ (amino acids). CitP is very tolerant toward the R groups. At the lower size limit, H atoms are accepted, making glycolate, glyoxylate, and acetate suitable substrates. At the higher size limit, the binding pocket seems to discriminate between hydrophilic and hydrophobic R groups, allowing more bulky groups in case of the latter. In that case, isocitrate is not a substrate, while the 5-plus 6-ringed indole group is (2) (Fig. 3H) . A number of substrates other than 2-hydroxycarboxylates have been shown to be of physiological importance in the citrate fermentation pathway (18, 19) . In addition, the broad specificity may be related to a function of the transporter in degradative amino acid pathways (see below).
DISCUSSION
CitP specificity assay. Previously reported transport studies using RSO membranes determined the (kinetic) affinity of CitP for substrates at the external face of the membrane in the exchange reaction (4) . The citrate consumption studies using resting cells reported here identified substrates recognized by CitP at the cytoplasmic face of the membrane. The substrate, i.e., L-lactate, enters the cell by a CitP-independent mechanism, after which the substrate is recognized at the inside by CitP and extruded again in exchange for citrate. While a substrate that is translocated from outside to inside is necessarily also translocated in the reverse direction, the affinities for the substrate at the two sides of the membrane may be very different. The best example is the affinity of CitP for lactate, which is in the millimolar range on the outside (3) and in the micromolar range on the cytoplasmic side of the membrane (18) (Fig. 6C) . Similarly, substrates such as acetate, propionate, glyoxylate, and succinate, which were readily identified as substrates of CitP in the citrate consumption assay (Fig. 3A and B and 7A), were not identified as substrates in transport assays, most likely because of too low an affinity of the externally facing binding site.
Substrates of CitP are identified when the initial rate of citrate consumption is higher in the presence than in the absence of the substrate. The latter condition represents the symport mode of uptake of citrate by CitP, which is rate limited by the isomerization of the "empty" binding site. The observed initial rate reflects the recycling rate of the substrate over the membrane, determined by the activity of CitP and the influx into the cell by passive diffusion or the action of a transporter other than CitP ( Fig. 2B and C) . Passive permeation depends on the hydrophobicity of the molecule, because the molecule has to pass the hydrophobic interior of the lipid membrane, and on the pK of the carboxylate group(s), because this value determines the fraction in the permeative protonated form. In addition, the size of the side chain may play a role. The hydrophobicities of the R groups of the amino acid analog monocarboxylate substrates used in this study are high (see Table S1 in the supplemental material) (7) , and it may be expected that the citrate consumption rate is determined by the activity of CitP. Therefore, the order of preference of CitP for OH Ͼ O Ͼ H groups at the C-2 atom in case of, e.g., the analogs of leucine, appears to be a justified conclusion. Dicarboxylates are more hydrophilic by nature, but their pKs are higher, and therefore they are not less permeative a priori. The pK values, together with increasing hydrophobicity with chain length, suggest an increase in membrane permeability in the order oxalate (C 2 ) Ͻ malonate (C 3 ) Ͻ succinate (C 4 ) Ͻ glutarate (C 5 ) Ͻ adipate (C 6 ) (see Table  S2 ). The last three accelerated the citrate consumption rate, indicating rapid entry into the cell and recognition by CitP. Of the three C 4 -dicarboxylates, succinate and maleate entered the cell and were exchanged with citrate, while fumarate was not. Since maleate is probably the least permeative form (lowest pK 1 ) (see Table S2 ), most likely a transporter is responsible for the uptake of the former two. So far, a C 4 -dicarboxylate transporter gene has not been identified in the genome of L. lactis IL1403 (5) .
In principle, the citrate consumption assay identifies substrates at the external face of the membrane as well, since they compete with external citrate. For most substrates, this is not observed because citrate, a high-affinity substrate, is present in excess and/or the acceleration of the rate by an internal substrate is dominant. In the absence of the latter, e.g., if the substrate was not permeative, high concentrations of dicarboxylates, i.e., oxalate, malonate, malate, oxaloacetate, and fumarate, were shown to inhibit the consumption rate to some extent, demonstrating that CitP has affinity for these compounds as well.
Substrate recognition by CitP. The substrate binding pocket of CitP contains sites that interact specifically with a substrate (Fig. 1) . The interactions contribute to the affinity of the protein for the substrate and affect the transition between the inside-and outside-facing binding sites of the transporter. The latter is slow in the absence of a bound substrate and fast when a substrate is bound, which is the basis of the assay used to identify substrates of the protein (see above). In view of the broad substrate specificity of CitP, not all interactions have to be satisfied. The interaction with a single carboxylate group on the substrate (formate) is both essential and sufficient ( Fig. 6A and 8E) . Interaction of the Arg425 residue in the R S site with a second carboxylate group on the substrate is not essential, which allows the transporter to exchange mono-and divalent substrates, e.g., Hcit 2Ϫ -lac Ϫ exchange, which is the basis of membrane potential generation (Fig. 1) . The interaction with the 2-hydroxyl group is also not essential but results in a better overall interaction than that with a 2-keto group or the acids. With a 2-keto group, the nature of the interaction may be the same, and monocarboxylate 2-keto acids would be oriented in the pocket in the same way as the 2-hydroxy acids (Fig. 1 and 8A  and B) . Replacement of the hydroxy group with H results in loss of the interaction, and monocarboxylates possibly have two binding modes, with the carboxylate interacting with either of the carboxylate binding sites on the protein, depending on the R group ( Fig. 8D1 and D2) . Remarkably, the preference of CitP for keto or acid analogs of X-CHR-COO Ϫ (X is O or H, respectively) appears to depend on the bulkiness of the side chain (R). The acid is preferred for the glycine (X ϭ NH 3 ϩ ) analogs, no preference is observed for alanine and valine analogs, and the keto acids are preferred for the leucine, phenylglycine, and phenylalanine analogs ( Fig. 3 ; see Table S1 in the supplemental material). Dicarboxylates such as succinate are likely to interact with both carboxylate binding sites on the protein (Fig. 8C) . Finally, the different interactions between substrate and protein in the binding pocket seem to have different contributions to affinity for the substrate and to lowering of the activation energy of the isomerization transition. Formate, which interacts only with a carboxylate binding site on the protein, stimulates isomerization only poorly but binds with a relatively high affinity ( Fig. 6A and 8E ). It may be noted that the binding pocket with bound formate, the smallest possible substrate, is most reminiscent of the empty pocket, which shows the slowest isomerization. In contrast, the affinity for benzoic acid is considerably lower, but the isomerization is as fast as that observed for lactate ( Fig. 6B and C) . Apparently, the interaction with the hydrophobic phenyl group stimulates isomerization but negatively affects affinity (Fig. 8F) .
Physiology of CitP substrates. The citrate transporter CitP transports a broad range of mono-and dicarboxylates that are found in the metabolome of LAB and play an important role in flavor perception of dairy products (23) . These compounds are used in the food industry as flavor enhancers or food additives (20) (see Tables S1 and S2 in the supplemental material). Products of citrate and sugar fermentation and lipolysis, such as acetate and propionate, give a pungent, sour milk flavor, and products of amino acid metabolism, such as isovalerate or phenylacetate, are important in the flavor and taste of cheddar cheese (6) . The first step in degradative amino acid pathways is transamination yield-ing the corresponding keto acid, e.g., ␣-ketoisocaproate from leucine, ␣-ketoisovalerate from valine, phenylpyruvate from phenylalanine, and 2-keto-4-methylthiobutyrate from methionine. Formation of keto acids from branched-chain amino acids, aromatic amino acids, and methionine in L. lactis IL1403 is catalyzed by two transaminases, BcaT and AraT. The keto acids produced in this way may be reduced to the corresponding hydroxy acids by the activity of 2-hydroxy acid dehydrogenases (HA-DH) at the expense of NADH. Genome analysis of L. lactis IL1403 revealed a potential HA-DH-encoding gene, the L-2-hydroxyisocaproate dehydrogenase gene hicD (5, 23) (see Table S1 ). All of these compounds were shown to be substrates of CitP in this study and are flavor compounds or precursors thereof. Furthermore, naturally occurring compounds that play an important role in plant growth as auxins, i.e., phenylacetate (PAA) and indole-3-lactate (ILA), the precursor of indole-3-acetate (IAA), are produced by metabolism of tryptophan in soil bacteria (1) . IAA can be produced from indole-3-pyruvate (IPA; keto-Trp) by oxidative decarboxylation initiated by the decarboxylase IPA-DC, encoded in the genome of L. lactis IL1403 (5, 23) . It is possible that CitP plays a role in exporting these compounds out of the cell and has a much broader physiological function than uptake of citrate in the citrate fermentation pathway alone. The encoding of CitP on an endogenous plasmid while the metabolic enzymes are chromosomally encoded in L. lactis strains supports this view.
